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EDUCATIONAL AIMS
The reader will come to appreciate:
 Normal development of sleep in early life.
 Differences in breathing and respiratory events across childhood.
 The importance of sleep and breathing as early markers of brain development.
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S U M M A R Y
Sleep and breathing are physiological processes that begin in utero and undergo progressive change.
While the major period of change for both sleep and breathing occurs during the months after birth,
considered a period of vulnerability, more subtle changes continue to occur throughout childhood. The
systems that control sleep and breathing develop separately, but sleep represents an activity state during
which breathing and breathing control is signiﬁcantly altered. Infants and young children may spend up
to 12 hours a day sleeping; therefore, the effects of sleep on breathing are fundamental to understanding
both processes in childhood. This review summarizes the current literature relevant to understanding the
normal development of sleep and breathing across infancy and childhood.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Paediatric Respiratory ReviewsSleep and breathing begin in utero with spontaneous respira-
tory activity detected as early as 11 weeks (wk) and sleep as early
as 25 wk gestational age (GA). Both activities are discontinuous at
their onset and show a continuum of development from fetal life
through childhood. Understanding the changes in sleep and
breathing, and their temporal relationship is critical for the
diagnosis and management of sleep related breathing problems in
infancy and beyond. This review summarizes the current literature
on the development of sleep and breathing across infancy and
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4.0/).SLEEP IN INFANCY AND CHILDHOOD
Sleep can be deﬁned by behavioural and physiological criteria.
During sleep there is behavioural disengagement resulting in
unresponsiveness to the environment [1]. In addition, physiological
parameters including brain activity, muscle tone, and cardiorespi-
ratory control differ in sleep versus wakefulness. From the time sleep
begins in fetal life to adulthood, dramatic changes occur in the time
spent in sleep, the pattern of sleep across a 24 h period, the
distribution of sleep stages, and in sleep architecture. Maturation of
sleep is both dependent on, and a reﬂection of, the maturation of the
central nervous system, with additional interactions between
changes in sleep, the environment and the experience of sleep.
Sleep Terminology
There are separate systems for describing sleep stages in newborn
infants and adults. In 1968 Rechtshaffen and Kales [2] published ae under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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different sleep states; rapid eye movement (REM) sleep and non-
rapid eye movement (NREM) sleep with further subdivision of NREM
into stages 1-4 based on the predominant EEG frequency pattern. In
2007 the American Academy of Sleep Medicine manual combined
stages 3 and 4 sleep into a single stage N3 denoting slow wave sleep
(SWS) with stage N used for NREM sleep that does not meet the
staging criteria for a distinct NREM stage [3]. Anders, Emde and
Parmalee [4] described three sleep states in newborn infants in a
manual published in 1971. Active Sleep (AS) is characterized by low
voltage irregular or mixed EEG activity, rapid eye-movements,
movements, and irregular heart rate. EMG activity may be decreased
or absent, consistent with REM sleep in adults. Quiet sleep (QS) is
characterized by high amplitude, mixed frequency EEG and trace´
alternant EEG activity, few body movements, and regular respira-
tions as well as heart rate; features that are similar to stage N3 or SWS
in adults. Indeterminate sleep (IS) is scored when features of both AS
and QS are present in the same epoch. With rapid changes in sleep
ﬁrst few months of life, sleep in infancy and childhood demonstrate
the transition between newborn and adult sleep. The American
Academy of Sleep Medicine guidelines [3] suggest using the newborn
criteria under 2 months of age and applying modiﬁed adult criteria
beyond. When reviewing the literature, it is important to note that
clinicians and researchers may continue to apply newborn sleep
staging between 2-6 months of age when adult sleep features may
not yet be present in all healthy infants.
The beginning of sleep
The emergence of sleep has been studied in pre-term infants
and in the fetus. Both sets of data suggest that human sleep is a
distinct behavioral state by 28-32 wk GA [5,6] with data
supporting the presence of sleep state cycling as early as 25 wk
GA. [7] The identiﬁcation of distinct sleep stages occurs later;
differentiation of Active Sleep (AS) and Quiet Sleep (QS) by electro-
encephalographic (EEG) pattern and eye movements may be
possible as early as 27 wk GA [6] though AS is distinguishable in
less than 3% of fetuses prior to 28 wk GA [5]. Towards the end of
pregnancy, the percentage of both AS and QS sleep increase with a
lower percentage of Indeterminant Sleep (IS) [5]. Together these
data demonstrate that sleep, and hence the processes that control
sleep, are well established prior to birth.
Changes in sleep architecture
After birth, features of mature, or adult sleep, emerge in
accordance with development the central nervous system. The ﬁrst
major EEG feature of mature sleep to appear after birth is the sleep
spindle; a transient EEG phenomenon with waves of 12-14 Hz
lasting at least 0.5 seconds (s) [2]. While debate remains with
regard to their function, sleep spindles are linked to memory
consolidation and may serve as a physiological index of intelligence
[8]. Spindles occur as early as 3-4 weeks post-natal age but are
typically seen by 6-8 weeks post-natal age [9] and reﬂect
development of thalamo-cortical structures as well as neural
maturation [10]. Premature infants show earlier development of
sleep spindles withrespect topost-conceptual age [11]whiledelayed
or abnormal development of sleep spindles are an early marker of
structural or metabolic brain abnormalities [12,13]. Spindle length
and density varies with age such that a nadir occurs around 2 years
before reaching a maximum around 11 years of age [14].
Additional features characterize the transition to an adult sleep
pattern. At 3 to 4 months (mo) post-term during quiet wakeful-
ness, the majority of infants show irregular 50-100 mV, 3.5-4.4 Hz
background activity over the occipital area described as dominant
posterior rhythm (DPR) [15]. Similar to an alpha rhythm in olderchildren and adults, DPR is reactive to eye closure but the effect
may be transient and fade with continued eye closure [16]. The
frequency of this baseline occipital rhythm gradually increases
from its ﬁrst appearance at 3.5 to 4.4 Hz to reach predominant
alpha posterior rhythm of 9 Hz activity in 65% of 9 year (y) olds and
10 Hz activity in 65% of 15 y olds [17]. K complexes typically
appear from 5 to 6 mo post-term. K complexes consist of a sharp
negative (up to 200 mV) deﬂection followed by a slower positive
deﬂection with the duration of the complex >0.5 s, being maximal
over the frontal scalp region [2,9]. From their ﬁrst appearance, K
complexes increase in amplitude to reach a maximum around 3-5
y of age. Vertex sharp waves, described as a small positive spike
followed by a larger negative spike, have been identiﬁed as early as
3 wk of age [15] but they become sharper with shorter duration by
24 mo and are maximal over the central midline. Beginning at 2-3
mo of age, infants show delta activity, as seen in SWS, similar to
adults with. SWS is typically present by 4 to 4.5 mo post-term [9],
though delta activity (i.e. amplitude >75 mV) is evident at 2-3 mo
of age [18]. These progressive changes mean that it becomes
possible to distinguish NREM sleep stages between 3-6 mo of age,
with the majority of infants demonstrating clear differentiation of
NREM sleep stages by the age of 6 mo.
Circadian pattern of sleep
The suprachiasmatic nucleus contains the circadian pacemaker
and is functional before birth. The fetus shows a circadian rhythm
consistent with the mother’s and maternal melatonin is likely to
account for this synchronization [19]. Newborn infants, however,
show no independent circadian pattern of sleep before 1 mo of age
[20] with sleep and wake occurring throughout the 24 h period.
The development of circadian patterns, including those for wake
and sleep, are inﬂuenced by environmental exposures such as
feeding pattern, and the type and timing of light exposure. For
example, in a study comparing infants born full and pre-term, the
length of exposure to a single caregiver and light-dark cycle
predicted development of a sleep-wake circadian pattern inde-
pendent of the infants’ full or pre-term status [21].
The wake circadian rhythm is present by 45 days of age [22] and
the circadian rhythm for sleep is evident by 4-8 wk of age [21–
24]. Around 5-6 wk after birth, sleep becomes more concentrated
during nighttime with increasing periods of daytime wakefulness
[25]. By 12-14 wk of age, a diurnal pattern is established with a
long nocturnal sleep period, shorter sleep periods during the
daytime (i.e. naps) and 1-3 h of wakefulness preceding the
nocturnal sleep period [19]. By 6 mo of age, infants display a
circadian pattern with period, amplitude, and phase activity
similar to an adult. [19]
Total sleep time, sleep cycle length and sleep efﬁciency
Infants born at term spend 16-18 h in sleep each day. Total sleep
time (TST) decreases across infancy, early childhood and adoles-
cence (Figure 1). [26–38] Daytime sleep decreases in both number
and duration in the ﬁrst years of life with 82% of children older than
18 mo not taking naps on some or all days [39]. In contrast to TST,
sleep cycle length, deﬁned as the time to cycle through all sleep
stages, increases from infancy through childhood; from 46 minutes
in preterm infants, 69 minutes at term [40] to 85-115 minutes in
children 8-12 years of age [41]. There is also change in the sleep
cycle length across the night with shorter sleep cycle duration
earlier compared to later in the night. This means that with
increasing sleep consolidation, there are fewer but longer sleep
cycles across a sleep period [25]. There is little information about
changes in sleep cycle length in adolescents but adults are
classically reported to have a cycle length of approximately 90 min
Figure 1. Summary of longitudinal studies reporting 24 hour sleep duration from 0 to 18 years of age [26–38]. Sleep duration is reported as the mean hours of sleep at speciﬁc
ages. Where data was reported separately for males and females, separate markers are shown for each sex at each time point from the individual studies. Weekday estimates
were used if data was presented separately for weekday and weekend sleep duration. The best ﬁt estimate for all data is represented by a cubic function with an R2 of 0.952.
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appears to remain unchanged from infancy to adolescence [43].
Sleep stage distribution
Sleep stage distribution shows the most dramatic changes early
in life but continues to change into adolescence and adulthood.
Early in fetal development a large amount of sleep is IS with less
proportionally less AS and QS [44]. As infants approach the end of
gestation, they exhibit a greater proportion of wakefulness, a
greater proportion of sleep distinguishable as QS, a stable
proportion of AS, and decreased IS [40,44]. At term, infants spend
up to 50% of their sleep time in AS. From birth to one year of age, the
proportion of sleep in QS increases while AS decreases such that
SWS occupies more sleep time than REM by 1 year of age
[25,45]. From 5 to 19 y of age, the percentage of REM remains
relatively stable with an increase in N2 sleep and concomitant
decease in SWS [43].
The timing of the different sleep stages also changes from
infancy to adolescence. Both pre-term and full term newborns
begin sleep with AS [40] but the likelihood of entering sleep
through AS decreases over the ﬁrst 6 mo of life [46]. A longitudinal
study by Louis and colleagues [25] documented that REM latency,
the time from sleep onset to the appearance of REM sleep,
increased from 1520 min at 3 mo to 7029 min at 24 mo although
sleep latency did not change. Children have a mean REM latency of
116 min at 1-10 y of age and 136 min at 11-18 y with REM latency
decreasing across the 11-18 y age group [47]. In line with the absence
of a sleep circadian rhythm, sleep stage distribution across sleep
cycles is similar across the 24 h period in infants under 3 months of
age with a shift to predominant SWS during daytime sleep by 2 years
of age [25,48]. During night-time sleep, QS begins to cluster in the
beginning of the night with REM sleep clustering and the end of the
night over the ﬁrst 6 months of life [20], reﬂecting the adult pattern of
SWS predominance early in the night and increasing REM in later
sleep cycles.Arousal
Arousal events are transient changes in sleep state or sleep
stage, and hence reﬂect disruptions to sleep. Because arousals
result in restoration of physiological parameters to levels of
wakefulness or a lighter stage of sleep, arousal can terminate
events that may be dangerous or detrimental, including
respiratory events. Like other features of sleep, arousal responses
change with age. Arousals are more frequent after birth with a
decrease across the ﬁrst year [49], remain stable across childhood
[50] and increase somewhat from preteen years to late adulthood
[51]. A number of factors, other than age, inﬂuence the arousal
threshold, or the magnitude of stimulus needed to cause an
arousal, in infancy. For example, arousals in infants are more
common in AS sleep compared to QS [52–54], supine sleeping
position compared to prone [54–56], and with sufﬁcient sleep
compared to short term sleep deprivation [57]. Paciﬁer use [58]
and breast feeding [59] appear to lower arousal threshold (i.e.
increase the chance of arousal with a given stimulus) while
cigarette smoke exposure [60,61], higher ambient temperature
[62], and infection [63] increase arousal threshold (i.e. decrease
the chance of arousal with a given stimulus). Arousal responses
are a critical protective mechanism in both early and later life
though it is unclear whether similar factors impact arousal
threshold beyond infancy.
Summary of sleep in infancy and childhood
Sleep is not static, but undergoes continuous change from fetal
to adult life with the most rapid period of change in the ﬁrst 6 mo of
post-natal life. Changes that occur in this early period of
development depend on appropriate maturation of the corre-
sponding neural pathways; without normal brain development,
normal sleep development will not occur. After this period of rapid
change, modiﬁcation of sleep architecture and sleep patterns
continue through childhood, adolescence and into adulthood.
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All newborn mammals, including humans, depend on a
functional ventilatory system to transition to the extra-uterine
environment after birth. Breathing movements are seen as early as
10 wk GA, in utero with breathing and behavioural states linked
even in fetal life; variations in respiration are associated with
changes of sleep stages. During the 1 (st) 12 months of extrauterine
life, human respiratory control processes continue to mature while
demonstrating plasticity that confers vulnerability to external
inﬂuences.
Fetal breathing
Breathing movements do not functionally support gas exchange
until after birth. Fetal breathing movements (FBMs) require
coordination of the neural based central respiratory rhythm
generator, originating in the pre-Bo¨tzinger complex, with the
action of the phrenic motor neuron-diaphragm complex [64]. The
amplitude and frequency of FBMs change with sleep state
[65]. Activity from the respiratory rhythm generator is depressed
in early fetal life with increasing excitation resulting in an increase
in amplitude and duration and decreased variability of FBM as
birth approaches. This increase in output together with doubling of
the ﬁring of the phrenic motor neuron over the last few days prior
to delivery ensures successful transition from liquid to air
breathing and from intermittent to continuous breathing move-
ments required for gas exchange after birth [66].
Normal development of ventilatory control in infants
Ventilatory control changes across infancy in healthy human
infants. Longitudinal studies of the hypoxic ventilatory response
(HVR) in term infants demonstrate that normal infants show
considerable variability with respect to ventilation and arousal
responses [67]. The HVR in human infants is described as a biphasic
response with an initial period of augmentation in ventilation
followed by a sustained reduction in ventilation similar to or below
normoxic ventilation [68]. This is in contrast to human adults who
demonstrate sustained hyperventilation in response to hypoxia
exposure with a decline in ventilation to a level above baseline
after sustained exposure of 20-30 minutes [69]. It was thought that
the switch from an infant to adult HVR happened in the ﬁrst weeks
to months of life but several studies demonstrate a sustained infant
response up to 6 months of age [70,71].
Maturational changes in ventilatory control, like other regulatory
systems throughout the nervous system, are inﬂuenced by the
interplay between neural development and external exposures.
Critical periods during development of the nervous system have
been demonstrated for many systems, include the ventilatory
control system [72]. The critical period affords a window during
development where external exposures, such as abnormal oxygen
levels, can permanently alter the ﬁnal responses of the system.
Extrapolating from other mammalian species, the critical period for
ventilatory control corresponds to 2-4 mo post-term in human
infants and is characterized by abrupt changes in multiple
neurotransmitters systems over short time periods resulting in
temporary overall instability in the ventilatory control system
[73–75].
Breathing patterns from infancy to adulthood
After birth, the most obvious maturational changes in the
respiratory system are more stable breathing patterns followed
by a decrease in respiratory rate with increasing age
[76,77]. Within QS, the coefﬁcient of variance of respirationdecreases from pre-term infants to adults with less variability in
tidal volume (39% pre-term, 25% term, 14% adult) as well as
respiratory frequency (39% pre-term, 22% term, 9% adult). With
increasing age, there is decreasing instantaneous ventilation,
increasing tidal volume, and decreasing respiratory frequency
[76]. The pattern of respiration also changes with inspiratory
time increasing three fold from preterm to adulthood and
expiratory time showing a corresponding two fold decrease.
Apnoea in healthy infants
Though breathing becomes continuous from birth, infants
continue to have apnoeic events as ventilatory patterns mature
through the ﬁrst year of life. Table 1 summarizes the results of
studies reporting on respiratory events in healthy infants as
measured using polysomnography [49,78–84]. These studies vary
in how apnoeic events were deﬁned but all show that these events
are relatively rare in healthy infants, none using the currently
accepted deﬁnition of apnoea of a cessation in airﬂow for 2 missed
breaths or included hypopnoeic events. Central apnoeas are more
common than obstructive events. While some infants had no
apnoeic events that met criteria for scoring [81], respiratory pauses
up to 10 seconds were common occurring in 97% of infants in one
study [85]. The frequency and duration of apnoeic events during
sleep decreases with increasing age. Based on these studies of
healthy infants, the upper limit of normal for central apnoeas is
10 events/h in the ﬁrst few weeks of life decreasing to 3 events/h at
9 mo. For obstructive events, these limits decreased from 3 events/
h in the ﬁrst few weeks of life to 1 event/h by 9 mo of age. Apnea
frequency was similar between sexes except for obstructive apneas
being more common in males 8-12 wk of age [81]. The frequency of
both central and obstructive apnoea is also higher in REM
compared to NREM sleep [49,78–82].
Additional data on apnoea in infants comes from limited
channel home recordings. Using 2 channel recordings of
electrocardiogram and thoracic impedance (pneumograms) in
infants from 0 to 3 days of life, apnoea >15s were documented in
27% of infants while 5% of infants had apnoea >20s and the
longest episode lasted 32s [86]. In a study of 123 healthy infants
in the ﬁrst year of life, apnoeas of 10, 11 and 12 s were only
occasionally recorded and no apnoeas were >15 s [87]. Other
studies support that apnoeas >15s are not seen in healthy term
born or term corrected infants beyond the ﬁrst days of life
[87,88].
The frequencies of apnoeic events in infants are inﬂuenced by
several factors known to also alter ventilatory control. For
example, central apnoeas increase with increasing temperature
during REM, but not NREM sleep, without affecting breathing
frequency, periodic breathing or obstructive apnoeas [89]. Com-
pared to normal conditions, sleep deprivation is associated with
increased frequency of obstructive apnoeas, especially in REM
sleep [90].
Periodic breathing & oxygen desaturation in healthy infants
Periodic breathing (PB) is a pattern of breathing characterized
by recurrent central apnoea interrupted by breathing efforts which
may be seen in both preterm and term infants after 48 hours of age
[91,92]. PB decreases with increasing age reaching a plateau
around 6 months of life and is thought to reﬂect a developmental
instability in the ventilatory control system [93–95]. PB persists
longer in infants born at lower gestational age and lower birth
weight compared to normal weight term infants [92] but rarely
occupies more than 10% of recording time [91]. Healthy infants
between 6 and 18 months may exhibit PB during sleep for up to 1-
2.5% of TST [87,96]. In the majority of preterm and term infants,
Table 1
Respiratory events during sleep in healthy infants < 1 year from studies using polysomnography (PSG). Studies are listed in order of the number of subjects. Where available,
results are reported by total sleep time (TST), NREM sleep and REM sleep. All respiratory events are reported as events/h with ranges or mean values and standard deviations
( SD).
Reference Deﬁnition of
Apnoea
N Age TST (events/h) NREM sleep (events/h) AS/REM sleep (events/h)
Central Obstructive Mixed Central Obstructive Central Obstructive
Kato et al. [81] Apnoeas  3 sec;
Obstructive apnoea
preceeded by body
movement, crying or
sigh excluded.
63 2- 7 wk 0.3-3.0 0.1-1.7
521 8-11 wk 0.2-2.8 0.1-4.1
238 12-15 wk 0.1-0.8 0.1-1.0
137 16-19 wk 0.1-1.8 0.1-0.6
64 20-27 wk 0.1-1.1 0.1-0.4
Sanchez et al. [82]* Central apnoea >
20 sec; Obstructive
apnoea 10 sec; Mixed
apnoea begining with
central apnoea 10
sec.
320 10d-2 mo 0.190.71 0.470.77
Kahn et al. [83] Apnoeas 3 sec. 300 5-20 wk 3-15 0
McNamara &
Sullivan [79]
Apnoeas lasting 
2 missed respiratory
cycles.
74 11.00.7 wk 9.80.6 0.40.1** 21.01.2 1.20.2**
McNamara &
Sullivan [80]
Apnoeas lasting 
2 missed respiratory
cycles.
30 4-27 wk 2.0-21.0 0.1-0.8 3.0-42.0 0.4-2.0
McNamara &
Sullivan [78]
Apnoeas lasting 
2 missed respiratory
cycles.
20 9.61.3 wk 12.81.4 0.30.1 10.61.3 0.20.1 18.12.4 0.70.2
Montemitro
et al. [49]
Apnoeas  3 sec. 29 0-1 month 4.8  3 1.00.9 3.21.5 5.32.9
2-3 mo 1.8 0.9 0.60.6 1.71.3 1.91.1
5-6 mo 1.60.6 0.60.6 1.31.0 1.91.0
8-9 mo 1.10.6 0.20.3 0.60.6 0.40.5
Rebuffat
et al. [84]
Apnoeas >2 sec. 19 5-36 wk 0.1-9.6 0-2 0.3
* All infants were referred for investigation of apnoeic episode;
** Includes obstructive/mixed apnoeas.
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cance [97–99]. Associations have been made, however, between
periodic breathing and airway obstruction [100], prolonged
apnoea [101], as well as risk of sudden infant death syndrome
(SIDS) [102,103].
The Collaborative Home Infant Monitoring Evaluation (CHIME)
study has provided the best proﬁle of hemoglobin oxygen
saturation in infants from 2 to 25 weeks using nocturnal home
monitoring to 6 months of age [104]. Acute desaturations were
deﬁned as a decrease 10% from baseline, a level that is far greater
than the 3% recommended for polysomnography today. Based on
acceptable recordings from 64 infants, the baseline saturation
median was 97.9% with the 10th percentile at 95.2%; however, 59%
of infants had at least one epoch with a baseline <90% [104]. At
least one acute desaturation 10% was seen in 59% of infants
with a median lowest saturation of 83% and 10th percentile of
78%. While baseline oxygen saturation did not vary with age,
acute desaturation was more likely in younger infants and in
those with more periodic breathing. Infants with 1 low baseline
saturation recorded were also more likely to have acute
desaturation. Comparing longitudinal measurements between
preterm (36-59 weeks) and term infants (43-65 weeks), preterm
infants showed median saturations that are 0.8% lower compared
to term infants [105]. The percentage of infants having  1 acute
desaturation episode did not differ (preterm 79%, term 65%,
p=0.064) and the overall pattern of change over time was similar
between the two groups. Symptom-free preterm infants were
just as likely to have desaturation episodes as their counterparts
with symptoms.Additional studies support the ﬁndings of the CHIME study. A
study of single night PSG recordings in 320 infants under 2 years
demonstrated that oxygen desaturation <90% occurred in 30% of
infants episode with 68% of all desaturation episodes occurring in
infants <3 mos of age [82]. In 44 infants aged 2 wk to 9 mos, mean
oxygen levels did not change with age or by sleep stage (AS
96.11.3%, QS 96.61.4%) though variability in oxygen levels were
greater in AS compared to QS [106]. Oxygen desaturation episodes, as
well as PB, were more common in AS than QS. In a study of 60 healthy
term infants with initial measurement in the ﬁrst week and one
subsequent measure at 2-4 weeks, all desaturation episodes lasting
4 sec with SpO2<80% were counted [77]. Desaturation episodes
were recorded in 35% of infants with more infants demonstrating
desaturation episodes between 2-4 weeks compared to the ﬁrst week
of life. Similar results were seen using the same protocol in preterm
infants [107].
Respiratory events in healthy children and adolescents
Over the age of 1 year, respiratory events are far less common
than in infants making it easier to detect abnormal respiratory
events in children over 1 year of age (Table 2) [50;108-116].
Deﬁnition of both apnoeic events and oxygen desaturation level
considered to be important differed amongst studies. In addition,
respiratory event indices reported differed between studies and
may include respiratory disturbance index (RDI), apnoea-
hypopnoea index (AHI) as well as apnoea index (AI), central
apnoea index (CAI), obstructive apnoea index (OAI), desaturation
index, and oxygen desaturation nadir. These data demonstrate
Table 2
Respiratory events on polysomnography in healthy children > 1 year of age. Studies are listed in order of the number of subjects. All respiratory events are reported as events/
h with ranges or mean values and standard deviations ( SD) or range (minimum – maximum).
Reference N Age Respiratory event indices Oxygen
desaturation
index
(events/h SD)*
O2 saturation
nadir (%)
RDI AHI AI CAI* CAHI OAI OAHI
Uliel et al. [110] z 70 1-15 y 0.4 (0.9) 0.37 (0.7) 94.62.2
Marcus et al. [113] 50 1-18y 0-3.1 0-4.4 89-98
Scholle et al. [108] ** 22 1.1-1.9 y 1.0-4.3 1.0-4.3 0.0-0.0 0.0-2.2 87.6-95.0
23 2.2-3.5 y 0.7-6.9 0.7-6.9 0.0-0.0 0.0-0.8 88.8-95.0
25 4.3-5.8 y 0.5-3.2 0.5-3.2 0.0-0.0 0.0-1.2 83.6-96.0
34 6.3-10.1 y 0.3-2.8 0.3-2.7 0.0-0.0 0.0-0.8 87.0-96.0
33 9.7-13.2 y 0.0-1.2 0.0-1.2 0.0-0.2 0.0-0.5 91.4-96.0
23 11.4-15.2 y 0.2-1.8 0.1-1.8 0.0-0.0 0.0-0.3 90.5-96.0
24 13.4-17.2 y 0.0-1.0 0.0-0.8 0.0-0.0 0.0-0.2 91.0-96.0
25 15.8-17.9 y 0.0-1.3 0.0-1.3 0.0-0.0 0.0-0.2 91.5-96.0
Traeger et al. [50] 66 2-9 y 0.40.6 0.080.14 0.010.03 923
Burg et al. [116] y 45 3-5 y 3.21.9 2.61.4 0.70.8 8.13.6 84.93.2
Montgomery-Downs
et al. [109]
173 3-5 y 0.900.78 0.860.75 0.820.73 0.030.10 0.400.78
369 6-8 y 0.680.75 0.500.52 0.450.49 0.050.11
Verhulst
et al. [112]
60 6-16 y 1.981.39 0.851.06 0.060.16 0.080.17 0.80.9 82-96
Moss et al. [114] ** 50 10.10.7y 1.61.2 1.61.1 0.50.6 0.10.2 0.10.3¥ 92.22.7
Tapia et al. [111] 32 13-18 y 0-0.9 0-0.6 0-0.5 88-97
Acebo et al. [115] 23 (M) 13.32.1 0.2-6.2 0.1-3.6 88-98
22 (F) 13.81.8 0-2.8 0-2.7 91-97
* Uliel et al. [110], and Marcus et al. [113]deﬁned oxygen desaturation as >4%; Montgomery-Downs et al. [109], and Moss et al. [114] used 4%; Scholle et al. [108], Burg
et al. [116], Traeger et al. [50], and Tapia et al. [111] used 3%; Verhulst et al. [112] used >3%. These parameters were used for both the identiﬁcation of central apnoeas and
hypopnoeas as well as oxygen desaturation index. Acebo et al. [115] using oxygen desaturation 4% to identify hypopnoeas in young adults but did not require desaturation
as a requirement of hypopnea in children/adolescents.
z CAI and OAI reported as mean (97.5 percentile).
** Home polysomnography studies.
y All children living residing in communities at an altitude between 1550m and 1650m.
¥ Results for mixed obstructive AHI.
RDI, respiratory disturbance index; AHI, apnoea-hypopnoea index; AI, apnoea index; CAI, central aponea index; CAHI, central apnoea-hypopnoea index; OAHI, obstructive
apnoea-hypopnoea index.
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infants and respiratory events decline with increasing age.
Oxygen saturation below 90% is rare in childhood consistent
with a decline in the variance in oxygen saturation from infancy
to childhood. Apnoeic events are infrequent though the
percentage of children with apnoeic events differed between
studies; for example, central apnoeas >10s were reported in 30%
of children in one study [113] while central apnoeas were
recorded in almost all children in another [112]. Similar to
infants, central apnoeas were more common than obstructive
events. Only one study reported sex differences for apnoeic
events; obstructive apnoeas were more common in males than
females [50]. Only one study examined desaturation events by
sleep stage and documented more desaturation events in REM
compared to NREM sleep [109]. This data is in line with current
recommendations that in healthy children >1 year of age an
AHI>1.5 events/h is statistically abnormal; [117] however, at
least one study reported a mean AHI that was higher than this
recommended cut-off.
Summary of breathing in infants and children
Breathing commences in early fetal life and progressively
matures through infancy. Initial variability in breathing and
ventilatory responses progresses to stable ventilation in the ﬁrst
months of life. Respiratory events, including apnoeas, are more
common in infants and decrease in healthy children, plateauing in
early childhood such that age-speciﬁc normal values are required
to determine whether respiratory events represent pathology or
normal variation. To date, there has been limited study oflongitudinal changes in breathing or ventilatory control from
childhood to adolescence.
SUMMARY
The processes controlling both sleep and breathing are active in
early gestation with development after birth. The months after
birth represent a period of rapid change and the study of sleep and
breathing in early infancy provides an opportunity to better
understand the mechanisms controlling both processes. At
present, the lack of longitudinal data regarding normal changes
in breathing and ventilatory control from childhood to adolescence
make it unclear whether breathing processes continue to change
into adulthood. It is clear that sleep remains a dynamic process into
later life. In infancy and childhood, the changes in sleep and
breathing reﬂect both global and speciﬁc neurological processes.
Breathing is also modulated by activity states, including sleep, and
sleep can be altered by breathing pathology. While breathing and
sleep are unlikely to be regulated by the same mechanisms,
understanding how these two processes interact is fundamental to
human health.
Sleep and breathing are separate but interdependent processes.
Developmentally, they show a similar time course for changes across
infancy and childhood with on-going changes in adolescence with
respect to sleep. The most common pathology linking these two
processes, sleep disordered breathing, is recognized across lifespan
with differences in presentation and effects in different age groups. A
greater understanding of the longitudinal changes in sleep and
breathing would advance our understanding of the control of sleep
J.E. MacLean et al. / Paediatric Respiratory Reviews 16 (2015) 276–284282and breathing as well as the disorders arising from these aberrations
in these fundamentally important processes.
FUTURE DIRECTIONS FOR RESEARCH
 Longitudinal studies of sleep and breathing across childhood
to examine the interaction of these processes in health and
disease.
 Normative data for different age groups and populations to
better identify abnormalities in sleep and breathing in
childhood.
 Studies to identify the mechanisms underlying the changes in
sleep and breathing through childhood to better understand how
these processes are controlled and to identify new therapeutic
targets to treat disorders of sleep and breathing.
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